The kinase-inducible domain interacting (KIX) domain of the CREB binding protein (CBP) is capable of simultaneously binding two intrinsically disordered transcription factors, such as the mixedlineage leukemia (MLL) and c-Myb peptides, at isolated interaction sites. In vitro, the affinity for binding c-Myb is approximately doubled when KIX is in complex with MLL, which suggests a positive cooperative binding mechanism, and the affinity for MLL is also slightly increased when KIX is first bound by c-Myb. Expanding the scope of recent NMR and computational studies, we explore the allosteric mechanism at a detailed molecular level that directly connects the microscopic structural dynamics to the macroscopic shift in binding affinities. To this end, we have performed molecular dynamics simulations of free KIX, KIX-c-Myb, MLL-KIX, and MLL-KIX-c-Myb using a topology-based G o-like model. Our results capture an increase in affinity for the peptide in the allosteric site when KIX is prebound by a complementary effector and both peptides follow an effector-independent folding-and-binding mechanism. More importantly, we discover that MLL binding lowers the entropic cost for c-Myb binding, and vice versa, by stabilizing the L 12 -G 2 loop and the C-terminal region of the α 3 helix on KIX. This work demonstrates the importance of entropy in allosteric signaling between promiscuous molecular recognition sites and can inform the rational design of small molecule stabilizers to target important regions of conformationally dynamic proteins.
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allostery | thermodynamics | kinetics | coupled folding and binding | intrinsically disordered proteins T he term "allosteric" describes the effects of one ligand (or effector) on the catalysis or binding of another ligand at a nonoverlapping site (1, 2) . This classical view can be characterized by three main attributes: (i) only two states exist (e.g., "active" or "inactive"); (ii) the allosteric signal is relayed through a single well-defined pathway; and (iii) a conformational change occurs in the nonoverlapping site. A modern interpretation treats the native state as a conformational ensemble (rather than only two conformational states) whose preexisting population of conformations can be redistributed as a result of some allosteric perturbation that can be transmitted through multiple signaling pathways (3) (4) (5) (6) . This "unified view" defines allostery in purely structural and thermodynamic terms (i.e., allostery can be controlled by entropy and/or enthalpy) and provides a quantitative framework for classifying allosteric mechanisms.
Allostery is a central pillar in the regulation of gene transcription. The transcriptional coactivator CREB binding protein (CBP), which serves as a keystone in the assembly of the transcriptional machinery, is responsible for regulating transcriptional processes relating to hematopoiesis (7, 8) , cell differentiation (9, 10), etc. Contained within CBP is an 87-residue-long domain called kinase-inducible domain interacting (KIX) that is critical for regulating transcriptional activity (for review, see ref. 11) and can be cooperatively targeted by a diverse set of transcription factors (12) (13) (14) (15) (16) (17) and small molecules (18) (19) (20) (21) (22) (23) . The structure of KIX ( Fig. 1) can be summarized as a three-helix bundle (α 1 , residues 597-611; α 2 , residues 623-640; α 3 , residues 646-669) containing a mobile L 12 -G 2 loop (residues 614-621) and an N-terminal 3 10 helix (residues 591-594). More importantly, KIX consists of at least two binding sites that are located on opposite surfaces of the protein, which can simultaneously bind, for example, the activation domain of the mixed lineage leukemia (MLL) protein and the activation domain of the protooncogene protein c-Myb (Fig. 1) , both of which are expressed concurrently during hematopoietic precursor cell development and therefore play an important role in blood cell proliferation (24) (25) (26) (27) .
The binding of either MLL or c-Myb to one of these promiscuous sites can stabilize the C terminus of the α 3 helix of KIX and/or decrease the mobility of the L 12 -G 2 loop (4, 20, (28) (29) (30) (31) (32) , but the functional role of these changes remains to be delineated. Furthermore, in vitro, KIX alone demonstrates a ∼2-fold lower affinity for c-Myb and ∼1.6-fold lower affinity for MLL compared with KIX bound to MLL or c-Myb, respectively (13) . Although numerous efforts have been put forth to clarify the molecular mechanism for cooperative binding in KIX, the current allosteric picture detailing the thermodynamic and structural effects of MLL and/or c-Myb binding remains incomplete. Although all-atom molecular dynamics (MD) simulations complement experiment and have provided valuable insight into the allosteric process (20, 30, 33) , they are computationally too expensive to explore timescales where multiple binding events or protein folding/unfolding are necessary to understand the underlying mechanism of action. To address these limitations, we use a topology-based G o-like model (34, 35) that has shown success in examining coupled protein folding and binding (36) (37) (38) (39) (40) (41) (42) (43) (44) as well as modeling ligand-induced structural transitions, and allosteric communication (45) (46) (47) . We extend its application to the study of allostery and cooperative binding for the first time (to our knowledge) here in the context of the MLL-KIX-c-Myb ternary system. To develop a quantitative Significance Understanding how proteins are regulated through the binding of an effector molecule at a nonoverlapping site is a central problem in protein allostery. However, connecting the changes in structural dynamics to changes in the binding affinity can be challenging. Here, we investigate the allosteric mechanism involving a promiscuous protein that serves as a hub for a variety of intrinsically disordered proteins (IDPs). By using a coarsegrained model to simulate the interactions between the protein and two IDPs, we were able to recapitulate experimental binding affinities, capture relevant structural dynamics, and provide a thermodynamic and kinetic description of the allosteric mechanism. It is presumable that the features identified in this allosteric mechanism are conserved between the central protein and other IDPs.
picture that connects the microscopic changes in structural dynamics to the macroscopic shift in binding affinities and kinetics, we performed multiple simulations for each of KIX-free, MLL-KIX, KIX-c-Myb, and MLL-KIX-c-Myb, and carried out a comparative analysis of the potential allosteric communication pathways. Through this approach, we detected similarities in protein folding/unfolding, observed multiple c-Myb/MLL binding events, and estimated thermodynamic and kinetic parameters for these processes. Our results show that the binding of either peptide stabilizes the L 12 -G 2 loop as well as increases the helicity of the α 3 helix, both of which play a role in controlling the size of the hydrophobic core. Most notably, we find that this reduction in structural dynamics results in an increase in the population of KIX structures that resemble KIX in the ternary complex and the entropic cost for binding a peptide at the allosteric site is lowered when an effector is already bound to KIX. Collectively, our data demonstrate that these observations are sufficient to explain the increased binding affinity for c-Myb and MLL when the other complementary peptide is bound to KIX and can direct the design of small molecules to target important regions of conformationally dynamic proteins.
Results
Binding Affinities and Configurational Entropies. Using a renormalized G o-like model that was adjusted to capture experimentally reported helical content and binding affinities (Fig. S1 ), extensive MD simulations of the free KIX, KIX-c-Myb, MLL-KIX, and MLL-KIX-c-Myb systems were performed. It is important to emphasize that no additional calibration of the intermolecular interactions was used to simulate the MLL-KIX-c-Myb ternary complex. That is, aside from the native contacts, the interaction energies were not explicitly biased toward ternary complex formation (SI Text). The resulting thermodynamic parameters and kinetic rate constants for each simulation system are presented in Table 1 and show that MLL and c-Myb bind cooperatively to KIX rather than compete for KIX binding. The simulations revealed that c-Myb and MLL bind to KIX with a K d = 30 ± 8 μM and a K d = 0.8 ± 0.3 μM, respectively. In the presence of MLL, the affinity of KIX for c-Myb is enhanced by ∼10-fold and is accompanied by a ∼4.4-fold decrease in k off and ∼2.4-fold increase in k on . Similarly, the affinity of KIX-c-Myb for MLL is enhanced by ∼8-fold and is accompanied by a ∼3.3-fold decrease in k off and ∼1.9-fold increase in k on . Relative to free KIX, the difference in configurational entropy (−TΔS) at 300 K for forming KIX-c-Myb, MLL-KIX, and MLL-KIX-c-Myb was ∼0.8, ∼1.2, and ∼1.4 kcal/mol, respectively (Table 1) .
Intrinsically Disordered Protein Binding Mechanism. We examined the relationship between c-Myb binding and c-Myb folding by constructing free-energy profiles along the fraction of intramolecular (Q intra ) and intermolecular (Q inter ) native contacts (Fig. 2) . In both the presence and absence of MLL, the freeenergy minimum shows c-Myb as being ∼40-80% folded and bound to KIX with ∼70-95% of its intermolecular native contacts intact. However, when c-Myb loses all of its intermolecular native contacts, it is ∼10-50% helical. Free c-Myb was not found to exist in a preformed helical state and, instead, followed a folding-and-binding mechanism that appears to be independent of MLL. Similar results that support a foldingand-binding mechanism were also observed for MLL binding to free KIX (Fig. S2) .
To further probe the effects of MLL on c-Myb binding, we compared the order of contact formation between KIX and c-Myb by monitoring the contact appearance order. Leu302 of c-Myb is predominantly first to form its intermolecular native contacts (Fig. S3 ). Then, other intermolecular native contacts are formed sequentially outward toward both termini of c-Myb. The order in which the intermolecular native contacts were formed between KIX-c-Myb was also found to be independent of MLL binding. Similarly, the order of contact formation between MLL and KIX was also found to be independent of c-Myb binding (Fig. S4 ).
KIX Dynamics. Fig. 3 shows the root-mean-square fluctuation of the highest ranked mode computed from principal component analysis (PCA) and projected onto the average simulation structure for each system. In free KIX, the C terminus of the α 3 helix and the L 12 -G 2 loop were the most mobile. In fact, the average structure shows a completely unfolded α 3 C terminus beginning at around residue 657. Upon binding c-Myb, the mobility of the α 3 helix is slightly reduced, whereas the L 12 -G 2 loop remains as flexible as in free KIX. Aside from the C terminus of the α 3 helix, the average structures of KIX-free and KIX-c-Myb are very similar. In contrast, MLL binding stabilizes the C-terminal residues of α 3 and regains the secondary structure of this helix. Also, the L 12 -G 2 loop appears to be less mobile than in free KIX or KIX-c-Myb. Finally, the ternary complex shows a rigid α 3 helix and only some flexibility in the L 12 -G 2 loop, similar to the MLL-KIX binary system. Consistent with these findings, Fig. S5 shows that the binding of MLL and/or c-Myb results in a significant increase in α 3 helicity.
Representative free-energy surfaces along the L 12 -G 2 loop root-mean-square deviation (rmsd) (with respect to the NMR structure) and the hydrophobic core size, which effectively Table 1 . Thermodynamic parameters and kinetic rate constants
† Averaged over three groups of 20 simulations. ‡ Calculated at 300 K relative to KIX-free.
describes the distance between helices α 1 and α 3 , were computed and are displayed in Fig. 4 . Overall, the conformational sampling of KIX along the two collective variables is the most restricted when both peptides are bound. Relative to KIX-free, the binding of MLL and/or c-Myb decreases the extent of sampling of the loop with the ternary complex being affected the most. The maximum opening of the hydrophobic core is also reduced from ∼5.5 to ∼4 Å when the loop deviates significantly from the reference NMR structure. Again, this trend is most pronounced in the ternary complex. In all cases, the lowest free-energy minimum has a hydrophobic core that is open by ∼3.5-4 Å, but the loop rmsd within each minimum is restricted to ∼4-7 Å when MLL is present, and expands to a wider range (∼4-10 Å) when MLL is absent. Additional free-energy profiles calculated with respect to the α 3 helix rmsd, which is believed to contribute to the allosteric binding of c-Myb, are reported in Fig. S6 and show similar results to Fig. 4 . Overall, all of the free-energy surfaces show a reduction in the conformational space being sampled when one or both peptides are bound to KIX (i.e., the colored area became smaller upon binding MLL and/or c-Myb and narrowed toward a ternary-like KIX).
Discussion
It has been hypothesized that protein intrinsic disorder offers numerous benefits such as fast protein turnover (48) , high specificity for a diverse set of targets (48) (49) (50) (51) (52) , and high specificity with low affinity binding (49, 50) . In addition, it has been predicted that allosteric coupling between independent sites is maximized in the presence of intrinsic disorder (53) . In intrinsically disordered protein systems, like those in the present study, there is an intricate relationship between binding and folding (36) (37) (38) (39) (54) (55) (56) (57) (58) (59) (60) . We observed that both c-Myb and MLL first bind to KIX before forming a folded peptide, and the freeenergy surfaces between binary and ternary KIX complexes were virtually indistinguishable for both MLL and c-Myb (Fig. 2 and Fig. S2 ). Additionally, MLL and c-Myb, which were tuned to have a peak helicity of ∼5% and ∼25%, respectively, to match experiment (Fig. S1 ), achieved over 80% helicity upon binding to KIX. This binding-induced-folding mechanism is consistent with kinetic experiments of KIX-c-Myb (i.e., rapid mixing of KIX with c-Myb) (55, 61, 62) , and our results suggest that effector binding allosterically regulates peptide binding at the second site without altering the binding mechanism. We explored this further by examining the intermolecular contact appearance order for KIX and c-Myb to see whether MLL binding alters the sequence in which contacts between c-Myb and KIX are formed with a low probability of breaking. Fig. S3A shows that Leu302, which is positioned in the middle of the helix and inserts its side chain deep into the hydrophobic core in the native NMR structure (28) , is first to form most of its interactions with the α 1 and α 3 helices of KIX. According to Fig. 2, c (Fig. S3A) . The N terminus of c-Myb, which interacts exclusively with the C terminus of the α 3 helix, has a slightly higher probability than the C terminus for forming last, which may imply a potential role for α 3 in regulating c-Myb binding. These results were similar for c-Myb binding to the binary complex (Fig. S3B ) and demonstrate that MLL binding does not have a significant impact on the order in which c-Myb residues contact KIX.
Previous studies have observed changes in the KIX structure resulting from transcription factor binding, and both MLL and c-Myb have been shown to allosterically affect the affinity of KIX for the complementary peptide (4, 20, (28) (29) (30) (31) (32) . However, a connection between the changes in structural dynamics in KIX and how this directly leads to shifts in transcription factor binding affinities remain tenuous. To bridge this gap, we used a coarsegrained simulation model that is capable of capturing both the microscopic structural changes and macroscopic ligand binding events. Consistent with cooperative binding, we found that the binding affinity for c-Myb is increased by an order of magnitude in the presence of MLL while the affinity for MLL is also increased by a factor of 8 when c-Myb is present (Table 1) . These observations are in agreement with experiment, albeit with an approximately fivefold difference in both cases (13) , but given the simplicity of our simulation model, it is remarkable that we are able to capture the same allosteric trends as seen in experiment. We also observed relative decreases in k off (∼4.4-fold and ∼3.3-fold for c-Myb and MLL, respectively) and small increases in k on (∼2.4-fold and ∼1.9-fold for c-Myb and MLL, respectively) when an effector was bound first (Table 1) . These changes in kinetics combined with our observations of an effector-independent binding-induced-folding mechanism suggest that prebinding of the first peptide likely stabilizes the flexible/unfolded parts of the KIX structure so that the second peptide can (i) form a native intermolecular contact more quickly (i.e., small increase in k on ) and (ii) stay bound for much longer (i.e., decrease k off ).
To further understand the allosteric mechanism, we investigated how MLL and/or c-Myb binding can affect the dynamics of KIX (Figs. 3 and 4, and Fig. S6 ). Overall, we found that binding of MLL and/or c-Myb resulted in an increase in stability (or a reduction in dynamics) of the α 3 C terminus and the L 12 -G 2 loop. This is consistent with observations made in previous NMR and computational studies, which have led to the suggestion that the increased structural stability of KIX may play a role in allosteric signaling (4, 20, (28) (29) (30) (31) (32) . For example, NMR backbone order parameter measurements of KIX have demonstrated that the L 12 -G 2 loop and the C-terminal residues of the α 3 helix are more rigid when MLL is bound to KIX (29) . Thus, our findings are not only supported by experiment but they also provide a direct causative link between changes in the local structural dynamics and its effects on the global binding affinities. From the observations made in Fig. 4 and Fig. S6 , we calculated the configurational entropy for each system (Table 1 and Eq. 1) by examining the distribution of configurations along all three collective variables (i.e., L 12 -G 2 loop rmsd, α 3 rmsd, and hydrophobic core size). The energetic cost for binding either MLL or c-Myb to KIX-free was -TΔΔS = 0.6 kcal/mol higher than when binding to its complementary binary complex (Table 1 , Fig. 4 , and Fig. S6 ). Thus, our analyses show that effectorbound KIX lowers the entropic cost for binding the complementary peptide at the second site, and this is achieved by stabilizing the KIX structure. The observed reduction in entropy due to effector binding explains the decrease in k off and the small increase in k on and this notion of "prepaying the entropic cost" in allostery has been found to play a role in the tryptophan RNA binding attenuation protein (TRAP) (63, 64) and the catabolite activator protein (CAP) (5, 65, 66) . Describing allostery within a thermodynamic framework (3-6) allows us to organize the information in a quantitative manner, and it enables comparisons between entropically driven and/or enthalpically driven allosteric mechanisms. Previous NMR studies have shown that a minor excited state of KIX, which is believed to be a higher affinity conformer for c-Myb and pKID, becomes 7% populated when bound by MLL and has been characterized by a rearrangement of the KIX hydrophobic core (29, 32) . In a recent metadynamics-based MD simulation study (31) of the MLL-KIX binary structure (29) , it was demonstrated that when the L 12 -G 2 loop was in the "up" state then this resulted in opening of the KIX hydrophobic core, which was said to allow KIX to spontaneously interconvert between a major lower energy state and a minor higher energy state. Essentially, the authors proffered that KIX mediates cooperativity between transcription factors through conformational selection of a higher affinity conformer. This means that, if conformational selection for a 7% binding-competent state were at play, we should expect to see an observable population increase of a minor state in our free-energy surfaces. However, we find no evidence to support this. Instead, upon binding an effector, we observe a narrowing of the preexisting KIX ensemble toward the highly populated minimum, which corresponds to a ternary-like KIX structure (Fig. 4 and Fig. S6) . We also point out that, although the enhanced sampling MD simulations of the MLL-KIX complex were informative, simulations of the binary complex alone are insufficient to show, unequivocally, that the observed changes in structural dynamics due to the presence of an effector would have any direct effect on binding affinities of a second transactivation domain. However, our simulations of the free KIX, MLL-KIX, KIX-c-Myb, and MLL-KIX-c-Myb systems provide a clear and systematic way to directly relate the microscopic allosteric effects and the macroscopic changes in the binding affinity that result from MLL and/or c-Myb binding to KIX.
In the accompanying paper, Shammas and coworkers (67) have performed fluorescence stopped-flow measurements to investigate the binding kinetics of peptides from five different transcription factors that can all bind to KIX (c-Myb and pKID bind at the c-Myb site, whereas MLL, HBZ, and E2A bind at the MLL site). Consistent with a coupled folding-and-binding mechanism, they found that the helicity for c-Myb (as well as all of the other peptides) increased upon mixing with KIX, which is consistent with our results. They also observed a positive allosteric effect and identified relative decreases in k off of 3.9 ± 0.1 and 4.1 ± 0.1 for c-Myb and MLL, respectively, that are similar to those reported above. They also demonstrated that the reduction in the dissociation rate constant was generally true for four different pairs of KIX binding partners, and, based upon their data, they proposed a common allosteric mechanism where the entropic cost of binding the second ligand is paid on binding the first ligand rather than involving the formation of a bindingcompetent low-populated conformer of KIX (29, 31, 32) . Our simulation results show good agreement with their kinetics experiments and confirm the hypothesis that MLL binding to KIX lowers the entropic cost for c-Myb binding, and vice versa, by stabilizing the L 12 -G 2 loop and α 3 helix. However, they found a relative decrease, rather than a small relative increase, in k on of 2.9 ± 0.1 and 2.8 ± 0.1 for c-Myb and MLL, respectively, and, when the favorable long-range electrostatics was screened with salt, only negligible differences in k on were observed. This can be attributed to differences in temperature or in how a bound state is detected in experiment versus computation. Overall, both bodies of work are in good complementary agreement and support an allosteric mechanism whereby the binding of an effector prepays the entropic cost for binding a complementary peptide in the secondary site.
If a change in the structural stability (or dynamics) is what drives the allosteric mechanism, one could explore alternative ways to modulate the stability of KIX to affect binding affinity. It was previously proposed that stabilizing the C terminus of α 3 through MLL binding would result in favorable side-chain electrostatic interactions between residues Glu665 and Glu666 of α 3 and Arg294 and Lys291 of c-Myb, (28) . Not surprisingly, these electrostatically complementary residues are essentially conserved in all known c-Myb and CBP/p300 sequences (28) . Table S1 reports the top six point mutant candidates that were predicted from AGADIR (68) (69) (70) (71) (72) to increase the helical propensity of the α 3 helix and therefore can potentially affect cooperative binding (SI Text). Out of all of the C-terminal residues located in the α 3 helix that make no intermolecular native contacts with either c-Myb or MLL, only six point mutations at either Lys667 or Ser670 caused a significant increase in the predicted helicity of α 3 (∼3.5-12.7%) relative to the wild-type sequence. Thus, we predict that, even in the absence of MLL, one or more of these strategically selected point mutations could mimic the effects of MLL binding to KIX and result in an increased c-Myb binding affinity. These predictions can be verified experimentally and could inform the design of small molecules that could stabilize KIX and allow for further structural All rmsd values were calculated relative to the NMR structure, which had a hydrophobic core size of ∼3.6 Å. All ΔS were calculated with respect to KIX-free at 300 K (Methods and Table 1 ).
characterization. For instance, Mapp and coworkers recently solved the first crystal structure of KIX complexed to a small molecule referred to as fragment 1-10 (20) . It was found that the L 12 -G 2 loop had large temperature factors (or B factors), the C-terminal residues of the helix α 3 were unresolved, and the size of the hydrophobic core was reduced in comparison with the NMR ternary structure. This suggests that the entropy of KIX would not be reduced upon binding fragment 1-10, and, in light of the observations made in the current study, we would predict that this would not lead to an increase in affinity of KIX for c-Myb. This strategy of complementing experiment with computation can be applied generally to other conformationally dynamic proteins and potentially lead to a faster discovery of effective small-molecule modulators.
In conclusion, we have carried out a set of simulations of KIX-free, MLL-KIX, KIX-c-Myb, and MLL-KIX-c-Myb to better understand how cooperative binding is regulated in this particular transcriptional activation system. Remarkably, our simplified model was able to capture relevant changes in thermodynamics, binding kinetics, and structural dynamics, all of which were in good agreement with experiment. Specifically, we discovered that the intermolecular native contact formation between c-Myb and KIX is unaffected by MLL binding, and vice versa, and that the folding-and-binding mechanism is well preserved. Furthermore, our results confirm that KIX occupation by a single transactivation domain was found to stabilize the L 12 -G 2 loop and increase the helicity of the α 3 helix. This lowered the entropic cost for binding a complementary peptide at the allosteric site and was accompanied by a narrowing of the preexisting KIX ensemble toward a ternary-like KIX conformation. We also proposed that a well-chosen mutation(s) or small molecule(s) targeted toward stabilizing the α 3 helix and/or the L 12 -G 2 loop would be effective in controlling cooperative binding. As a whole, our study directly links the effects of the microscopic changes in structural dynamics to the macroscopic binding affinities and provides a thermodynamic description of the allosteric mechanism involved in KIX cooperative binding. .org) (73) . MLL (19 residues ranging from 839 to 857), KIX (87 residues ranging 586-672), and c-Myb (25 residues ranging from 291 to 315) contained 22, 198 , and 40 intramolecular native contacts, respectively, whereas the total number of intermolecular native contacts between MLL-KIX and KIX-c-Myb were 28 and 29, respectively. Structural models of the individual monomers and binary complexes were derived directly from the ternary complex model. The coarse-grained G o-like model was then calibrated to match the helical content and binary dissociation constants reported in previous experiments (SI Text and Fig. S1 ). Each of the four simulation models (i.e., free KIX, MLL-KIX, KIX-c-Myb, and MLL-KIX-c-Myb) was simulated for 15 μs using CHARMM (74, 75) and repeated 60 times to sample multiple c-Myb/MLL binding events in the presence and absence of a complementary effector peptide (SI Text).
Methods
Analysis. Two-dimensional free-energy surfaces were computed at 300 K by constructing 2D histograms along two reaction coordinates of interest. Q intra and Q inter correspond to the fraction of native intramolecular and intermolecular contacts, respectively. The rmsd of the L 12 -G 2 loop (residues 614-621) was calculated after fitting parts of helices α 1 , α 2 , and α 3 (residues 600-613, 622-662) of KIX from each simulation snapshot to the native NMR structure (31) . Similarly, the rmsd of helix α 3 (residues 646-669) was calculated by prefitting the rigid N-terminal portion of helix α 3 (residues 646-657) to the native NMR structure. The size of the hydrophobic core (residues 607-612, 650-661) (29) , whose shape can be approximated by an ellipsoid (31), was calculated from the square root of the second eigenvalue of the gyration tensor (76) .
We estimated the configurational entropy, S, using the following:
pðL,A,HÞln pðL,A,HÞ, [1] where k B is the Boltzmann constant and p(L,A,H) is the probability of occupying a particular state along the three collective variables L, A, and H (corresponding to the L 12 -G 2 loop rmsd, helix α 3 rmsd, and KIX hydrophobic core size, respectively) in a given simulation. All ΔS were calculated with respect to free KIX at 300 K. PCA was carried out to study the dynamics of KIX for each system (SI Text). Each simulation snapshot was superimposed onto the three helices of KIX (residues 600-613, 622-662) in the native NMR structure, and the eigenvalues and eigenvectors were obtained by diagonalizing the covariance matrix constructed from the fluctuations of residues 600-669.
